Abstract
Introduction
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Epoxy resin-based carbon fibre-reinforced polymer (CFRP) laminates are widely used in light- 29 weight structures in the aerospace and wind-turbine industries. They became very attractive due to 30 their good specific stiffness/strength, improved fatigue life and corrosion resistance, when 31 compared to metals. All these unique material characteristics promise to meet current demands for 32 the reduction of fuel consumption, efficient energy generation and the long-term structural and 33 environmental durability. However, one of the remaining issues, which still compromise the use of 34 epoxy-based laminates in high-performance applications, is their relatively brittle behaviour when 35 exposed to in-service impact events such as those caused by foreign objects. Therefore, 36 improvement of the energy absorption characteristics of those materials is an important research 37 goal for material scientists and engineers working with composite materials. 38 Over the last two decades, attention in composites research has been shifted to the use of 39 nanofillers, such as carbon nanotubes (CNTs), to improve the toughness of epoxy matrices and their CNT/epoxy or CNT/polymer composites. Nanocomposite behaviour (e.g. CNT instability and 27 damping behaviour) under compressive loading was predicted using molecular dynamics (MD) and 28 multiscale finite element (FE) modelling [16, 17, 18] . The proposed models did not however 29 consider sufficiently large deformations (important as an energy absorbing mechanism), strain-rate 30 dependence (occurring during impact), and nanocomposite morphological effects (e.g. CNT 31 orientation) for the prediction of the nanocomposite mechanical response. 32 Therefore, this work seeks to determine the influence of material composition, nanocomposite 33 morphology, and strain rate on the nonlinear compressive response of CNT/epoxy nanocomposites 34 using the representative volume element (RVE) concept and nonlinear FE-based modelling. The 35 RVE concept was followed in this work to account explicitly for the nanocomposite material 36 composition and morphology, and study the influence of CNT volume fraction, CNT aspect ratio 37 and CNT orientation on the nanocomposite response. A nonlinear finite strain constitutive model, 38 developed and validated previously for the epoxy resin [19] , was integrated with RVEs and 39 implemented into the FE framework (ABAQUS) to capture the rate-dependent behaviour of the 40 nanocomposite matrix ranging from quasi-static to impact strain rates. Two-and three-dimensional 41 (2D and 3D) RVE-based computational models were developed to study their accuracy and 42 computational-efficiency in capturing the nonlinear, finite strain response of the nanocomposites. 43 This paper is structured as follows. Modelling methodology and its numerical implementation are 44 introduced first. Then, results of a mesh convergence analysis and RVE size study are shown. 45 Subsequently, 2D and 3D RVE-based predictions of the finite strain behaviour of CNT/epoxy 46 nanocomposites are presented and discussed with respect to nanocomposite morphological characteristics, strain rate, computational effort and experimental results. 1 The applied modelling approach (see Fig. 1 ) involves four length scales of the nanocomposite: (1) 2 the nanoscale, where CNT properties were derived using molecular mechanics; (2) the microscale, 3 where the discrete CNT and discrete epoxy were represented by a homogenised solid cylinder and 4 continuous medium, respectively; (3) the mesoscale, where the morphology of the nanocomposite 5 was reconstructed using RVEs under assumptions of global periodicity; and (4) the macroscale at 6 which the nanocomposite response (stress-strain curves) was predicted. These stress-strain curves 7 might serve as further input in a bottom-up multiscale approach for the prediction of the impact 8 performance of CNT/epoxy-based composite systems. The parameters captured by each scale are 9 presented in Table 1 . 10 Continuum theory was assumed to hold down to the scale at which the nanocomposite morphology 11 can be captured with an RVE. This offers a compromise between accuracy and computational time.
Framework of modelling
12
The RVE, as a building block of the macroscopic nanocomposite, allows for the prediction of the 13 macroscopic behaviour using a numerical nonlinear homogenization technique. The morphology of CNT/epoxy nanocomposites is quite complex and its reconstruction using 20 RVEs poses significant challenges even when CNTs are simplified as straight and non-bundled RVEs under plane strain is neglected (set to unity here), and only one 'nanoscale' dimension is 33 captured (i.e. thickness of a CNT) -hence, the CNT shape is captured accurately in the x-y plane 34 only, and the ratio of the number of CNTs to 2D RVE volume for a given CNT volume fraction 35 depends here on the scaling of the CNT dimensions, and (b) the well-known constraint imposed on 36 the out-of-plane strains (in the z-direction here), which is expected to provide a stiffer macroscopic 37 response. 38 Both, 2D and 3D RVEs assumed two different CNT orientations: (1) aligned (in the x-direction) 39 (see Fig. 2a and 2c) , and (2) misaligned (random) (see Fig. 2b and 2d ). The sides of each of the 40 RVEs used possess equal lengths, except for 3D RVEs of randomly distributed and aligned CNTs 41 (see Fig. 2c ) , where a cuboidal cell was chosen over a cube in order to save computational costs homogenised CNTs (see Section 2.1.2). For this, checks for intersections with previously generated 7 objects were carried out either resulting in the deletion or inclusion of the newly generated object. 8 This procedure continued until the requested number of CNTs was incorporated. The assumption of 9 morphological periodicity imposed additional conditions on the objects intersecting the boundaries 10 of the RVE -those objects were divided into inner and outer parts, and the latter ones were 20 and low CNT aspect ratios [25, 26] . 21 The meshing of the RVEs was performed using the ABAQUS built-in free meshing algorithm.
22
Periodic boundary conditions require that relevant nodal coordinates of finite elements lying on 23 opposite faces (or edges) of an RVE are the same before and during deformation. In the case of 3D 24 RVEs, the matrix material was discretised by 10-node quadratic tetrahedron elements (C3D10) and 25 the CNT by 20-node quadratic brick elements (C3D20). 6-node quadratic plane strain triangle 26 elements (CPE6) were used in 2D RVEs for both, CNT and matrix discretisation. 
Carbon nanotube representation in RVEs
28
The concept of the effective (homogenised) representations of single-walled CNTs (SWCNTs) [27] 29 was followed by modelling SWCNTs as homogenised solid fibres of the given aspect ratio. This 30 SWCNT representation is computationally more efficient when compared with a discrete, tubular 31 representation of a SWCNT. In general, the effective CNT is transversely isotropic with five 32 independent elastic constants. In the present work, it was assumed for simplicity that the material 33 behaviour of each homogenised CNT is linear elastic and isotropic, i.e. it can be described by only 
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where C ρ =742nN/nm [27] is the bond stretching force constant, C θ =1.42nNnm [27] is the bond 37 angle variation constant, r 0 =0.1421nm is the C-C bond length, R≈5nm is the CNT radius and n=128 38 is the corresponding chirality of a zig-zag SWCNT. Effective Young's modulus and Poisson's ratio 39 were calculated to be equal to 143.62GPa and 0.16, respectively. 
Constitutive model for the epoxy matrix in the RVE
CNT/epoxy interface/interphase in the RVE
18
The CNT and epoxy were assumed to be perfectly bonded in this work. However, this is only an 
Computational homogenisation: RVE-to-macro transition
27
Computational homogenisation was applied to calculate macroscopic stresses from each RVE. The 28 nanocomposite was assumed to be globally periodic, i.e. consisting of the same repeatable RVE.
29
The macroscopic deformation was considered as strain-controlled and it was assumed that the 30 applied macroscopic strain ε M is uniform such that each RVE experienced the same strain. The 31 strain within each RVE boundary consisted of the linear contribution resulting from the 32 macroscopic strain, and the periodic component, which arises from the nanocomposite morphology.
33
Therefore, the resulting displacements in the RVE are given as:
where the displacement due to the macroscopic strain ε M is given through the well-known linear 35 relation:
where x RVE denotes the relevant position within the RVE, and the periodic boundary conditions 37 were applied to link the opposite boundaries (faces and/or edges) of the RVE to ensure they 38 undergo the same displacements according to:
where symbols '+' and '-' represent corresponding points on two opposite faces and/or edges of the 40 RVE boundary. 41 In this work, the RVE domain was separated into corner nodes (I C =1-8), faces (Top, Bottom, Left, 42 Right, Front, Rear) and edges. The corner node 1 was constrained in all directions to prevent rigid body movement and the Eqs. (5)-(6) were applied to the relevant RVE regions to simulate the 1 macroscopic uniaxial compression of the nanocomposite in the x-direction. Fig. 3 and Table 2 show 2 the displacements and constraints applied to 2D and 3D RVEs. 3 The macroscopic Cauchy stresses σ M were calculated from the forces resulting from the surface 4 tractions caused by the displacements imposed on the RVE boundaries (see Eq. (4)): 5 For the boundary conditions applied in this work (see Fig. 3 and Table 2 ), Eq. (7) results in the 6 macroscopic stress component
where f x(2) and x x(2) denote force and position of 7 the node 2 (see Fig. 3 ). 
Results and discussion
9
The developed 2D and 3D computational models were used to predict the large strain compressive 
41
The mesh density effect on 2D stress-strain curves are not shown here as the true stress-true strain 42 curves of the two mesh extremes, i.e. mesh densities with 50 and 11 elements along the CNT axis, 43 were coincident. Hence, Fig. 4 shows only the results of mesh study for 3D models. Moreover, as it
was found that the linear elastic regime and yield peak stress are relatively unaffected by the tested 1 mesh densities in the 3D model, the analysis is focused on the nonlinear portion of the 3D stress-2 strain behaviour.
3
In particular, the post-yield behaviour showed a mesh dependence. The number of elements along 4 the CNT axis (see Fig. 4a ) and along the CNT circumference (see Fig. 4b CNTs, and (2) 3D with aligned and randomly distributed CNTs. RVE-size studies were performed 48 for the quasi-static strain rate of 1x10 -3 s -1 , as it was assumed that the conclusions will also hold for 49 higher strain rates. Table 3 . Fig. 6c 16 shows how a deterministic size effect shows up in a larger slope in the post-yield regime for 3D
17
VEs with aligned CNTs (CNT aspect ratio of 50), and previously indicated as the effect on T min (see 18   Table 3 ).
19
Investigation of the strain-hardening behaviour of the nanocomposites was only possible for 2D 20 VEs of CNT aspect ratio of 25 and 50 because of the premature termination of simulations at early 21 stages of the hardening response (see comment in Section 3.1).
22
The results suggest that the minimum number of randomly oriented CNTs of aspect ratio of 50 in 23 2D RVEs is 60 CNTs or higher due to a deterministic size effect affecting the hardening modulus Table 4 . It is important to point out that the Young's modulus was defined here as initial tangent 48 modulus, which defines the slope of the linear portion of the initial stress-strain behaviour in 2D
49
(plane strain) and 3D. Different assumptions invoked by the 2D (plane strain) and 3D models resulted in the deviation between the initial tangent modulus E in 3D and its counterpart E pe in 2D 1 (see Table 4 ), which can be described through the relationship   25 (50, 100) and 7.5% (9.5%) for 3D RVEs of aspect ratio of 25 (50) (see Fig.9a ). 2D models 17 predicted a stiffer response (in the linear elastic regime) both for pure epoxy and its nanocomposite, 18 when compared to 3D models (see Fig. 8 ). Therefore, it is concluded that the cause of the stiffer 2D is qualitatively similar to those obtained for pure epoxy under plane strain (2D) and 3D conditions 25 (see Fig. 8 ). However, the CNT presence and the increase in CNT aspect ratio had a negligible 26 effect for 2D RVEs, whereas for 3D RVEs a significant increase from around 4.5% to 7% in σ Y was 27 predicted for the increase in CNT aspect ratio from 25 to 50 (see Fig. 9b ). The local matrix 28 behaviour of the 2D and 3D models was compared in order to determine the reason for this 29 behaviour. In the averaged true stress-applied strain curves of the matrix one can observe a slight 30 decrease of the yield peak stress in 2D models and the increase of the yield peak stress in 3D 31 models. This can be explained by comparing the CNT distributions in 2D and 3D models. For the 32 same volume fraction a denser CNT distribution is generated in 3D with a much smaller average 33 CNT to CNT distance -a 3D scaffold of densely packed CNTs is compared against well separated 34 CNTs in the 2D plane (see Fig. 10 ). The dense CNT networks in the 3D RVEs limit the expansion 35 in the lateral directions when the 3D RVEs are subjected to uniaxial loading. Within the matrix, this 36 promotes a bigger volume change as well as an increase in mean stress when compared to pure 37 epoxy. This led to bigger averaged stresses in the matrix and the nanocomposite -a similar effect is 38 imposed by the plane-strain assumption. In contrast, for 2D models with a bigger average CNT to 39 CNT distance, the average mean stress within the matrix around the yield peak was slightly smaller 40 than for the pure epoxy. It is noteworthy to mention that the latter result was also present in 3D 41 models, but the increased mean stress is believed to compensate its effect on the nanocomposite 42 yield peak stress.
43
Subsequently, a decrease of the magnitude of softening modulus (defined by a reduced softening 44 slope) with increasing CNT aspect ratio was found for 3D RVEs (see Fig. 8 ), while a small increase 45 of the magnitude of softening modulus was predicted for 2D RVEs. Two main effects were 46 identified to contribute to the reduced softening response in 3D. First, the CNT to CNT distance is 47 reduced (as explained earlier), which causes the increase of the averaged mean stress in the matrix. 48 Secondly, the averaged stress in the CNTs increases well beyond the yield peak within the matrix 49 for the 3D RVE, as shown in Fig. 11 . In contrast, the averaged stress within the CNTs for 2D RVEs resembles closely the average response of epoxy with regimes such as yield, softening and 1 hardening. The large CNT to CNT distance in 2D RVEs limits the inter-particle interaction, and 2 thus the averaged stress response of CNTs is mainly governed by the behaviour of epoxy. It is 3 believed that the increased inter-particle interaction in 3D RVEs (because of the smaller CNT to 4 CNT distances) changes an epoxy-like behaviour for the CNTs and therefore for the 5 nanocomposite.
6
It was predicted that increasing CNT aspect ratio accelerates the onset of strain hardening, as 7 indicated by the decreased strain softening limit ε S (see Fig. 9c ). Changing the aspect ratio from 25 8 to 50 reduced ε S both for 2D and 3D models around 20% for 3D, and 7% for 2D models. This 9 difference between 2D and 3D models is a further consequence of the difference in nanocomposite 10 morphology, as explained above. 
Effect of CNT volume fraction for aligned and random CNT orientations
12
The effect of CNT volume fraction on the compressive true stress-true strain curves for aligned Additionally, it must be mentioned that there is a second averaged CNT stress peak followed by the show predictions of RVEs containing CNTs of aspect ratio set to 50 and volume fraction equal to 6 1%. The stress-strain parameters in Fig. 16 were normalised against corresponding values of pure 7 epoxy subjected to quasi-static strain rate. 8 For pure epoxy, the increased strain rate shifted the yield peak stress and the corresponding strain to 9 larger values (see Figs. 15 and 16a) . A conventional explanation is that the time window of material 10 deformation becomes smaller than the relaxation time of the material. Similar trends were predicted 11 for the nanocomposite using 2D and 3D RVEs with aligned and randomly oriented CNTs. As 12 recognised in the previous section, nanocomposite morphologies of aligned CNTs in the 3D case 13 exhibit a larger increase of σ Y or σ p1 than morphologies of randomly oriented CNTs. However, the 14 magnitude of this enhancement was larger for impact rates of strain (~55MPa) than for the quasi-15 static strain rates (~35MPa) (see Fig. 15 ).
16
Considering the softening strain limit parameter ε S , its normalised value did not show a significant 17 dependency on the strain rate as predicted by 2D RVEs -for pure epoxy it shifted to slightly 18 smaller values of strain with increasing strain rate.
19
For 3D approaches, the effect of strain rate on ε S is shown only for nanocomposites of randomly 20 oriented CNTs because the softening regime is no longer present after CNT alignment. In that case, 21 the normalised parameter ε S was significantly reduced from 0.53 to 0.43 when increasing the strain 22 rate from 110 -3 to 110 3 s -1 (see Fig. 16b ). For the 3D case with aligned CNTs a significantly 23 larger slope of the curve in the post yield regime with increased strain rate was predicted (see Fig.   24 15). It is believed that the enhanced inter-particle interaction in 3D RVEs and CNT alignment cause 25 an improved matrix to CNT stress transfer in the post-yield regime with the increased strain rate.
26
This is confirmed by the increase of average stresses within CNTs, extracted from RVE models, as 27 shown in Fig. 17 . reported by ABAQUS was 7 hours (abort at around 36% of true strain). this work was to compare the 2D RVE-based approach against the 3D RVE-approach to study its 7 accuracy in capturing the behaviour of the nanocomposite and their computational efficiency. 8 Relatively large differences between predictions of the nonlinear compressive response were 9 obtained from the 2D and the 3D modelling approach. In general, the 2D RVE approach suffers 10 from a lack of inter-particle interaction due to a larger average CNT to CNT distance and the As a result, the 2D RVEs underestimated the effect of the morphological factors (CNT aspect ratio,
22
CNT volume fraction and CNT orientation) on the salient parameters of stress-strain curves. In However, it has to be mentioned that in reality, morphologies of CNT based nanocomposites show 42 CNT waviness, CNT agglomerations and frequently also an imperfect bonding between CNT and 43 polymer matrix. Future modelling has to account for those aspects in order to overcome the often 44 observed deviation between experiments and modelling.
